Abstract. Aims: Optical technologies have shown some promise for improving the care of cervical neoplasia. We are currently evaluating fluorescence and reflectance spectroscopy and quantitative cyto-histopathology for cervical neoplasia screening and diagnosis. Here we describe the establishment and application of a quality assurance (QA) system for detecting system malfunctions and assessing the comparability of four image cytometers used in a multicenter clinical trial.
Introduction
The term "technology assessment" refers to the systematic evaluation of established or emerging technologies. Among the models of technology assessment that have been described, the Littenberg model [8, 9] is well suited for the evaluation of emerging medical technologies. The model evaluates biologic plausibility, technical feasibility, clinical effectiveness or intermediate outcomes, patient outcomes, and societal outcomes. Biologic plausibility asks questions whether our current understanding of biology and pathology of the disease support the technology. Technical feasibility questions whether, at the present level of assessment, we can safely deliver the target technology to the patient. Clinical effectiveness or intermediate effect assess the effectiveness of the technology in a relevant population. Patient outcomes assess whether the technology improves the patient's health. Societal outcomes assess the cost and ethical implications of the technology.
Our current effort is to evaluate several optical technologies following the paradigm of Littenberg, including fluorescence and reflectance spectroscopy and quantitative cyto-histopathology as emerging technologies for the diagnosis of cervical neoplasia. In the current phase of our program project, quantitative cytohistopathology is being evaluated for technical feasibility. One aspect of technical feasibility is showing that several image cytometers can perform consistently and reliably in different clinical settings for prolonged periods of time. A separate publication describes the comparability of the trained personnel who operate the equipment [4] .
In this study, we test the hypothesis that measurements from the image cytometers made for quality assurance with three devices in the British Columbia Cancer Agency (BCCA) and one device at The University of Texas M.D. Anderson Cancer Center are comparable and reliable. These devices collect data from both cytological and histological cervical specimens collected in the program project. We have designed clinical trials for 800 diagnostic patients and 1000 screening patients; thus far, 1200 Papanicolaou smears and 2300 cervical biopsies have been reviewed by study pathologists. As part of the ongoing effort to further understand the biology of cervical neoplasia, 1200 histological and 1000 cytological specimens have undergone quantitative assessment. It is essential that a Quality Assurance (QA) system is in place to ensure a high level of reliability of the data collected. In this manuscript, we describe the establishment and application of our QA system, the comparability of the four image cytometers used in the trial, and how our QA system made possible adverse event detection, problem identification, and problem solving.
Materials and methods
Our project is utilizes three image cytometry devices at British Columbia Cancer Agency and one at M.D. Anderson Cancer Center. A critical part of such a multicenter clinical trial is the establishment and application of a QA system to ensure proper system performance and comparability across systems and sites.
Drawing on statistical process control (SPC), a technique used in industry [2, 13] , we identified the critical system parameters and determined the frequency with which they needed to be measured. Following, in part, the 1997 European Society for Analytical Cellular Pathology (ESACP) Consensus Report Part II [7] , we measured lamp performance, long-term repeatability, short-term repeatability, field uniformity, and system linearity. Our QA system involves three levels of evaluation based on the periodicity and complexity of the measurements. The measurements or tasks were performed daily, monthly, and semi-annually. Daily, the current and voltage of the lamp, the calibration image characteristics, and the room temperature were checked; monthly, the long-term stability over time, short-term variability over time, and spatial response field uniformity were evaluated; and semi-annually, camera linearity was measured. Control charts based on SPC techniques were used to detect when the system did not perform correctly.
We identified the possible failure modes of the critical device functions and components and developed procedures to make measurements that could detect the failure modes, as suggested by our group and others [1, [5] [6] [7] 11, 14, 15] . Table 1 shows how the various measurements are related to specific failure modes. Figure 1 shows a simplified diagram of the image cytometer, its critical components and functions, and their possible failure modes.
Daily, the operating parameters of the cytometer are recorded and compared as part of system set-up. The parameters included: (1) visual check of the interference filter, numerical aperture of the condenser, and setting of the field iris; (2) software version control; (3) calibration image characteristics (mean, standard deviation, intensity histogram symmetry, and unimodality); and (4) illumination power (voltage and current). Figure 2 shows the daily QA checklist used. The Fig. 2 checklist is used to monitor whether the device is configured correctly. The results are recorded by the cytotechnicians and compared to their historical records. The daily comparisons are based on "rules of thumb" rather than formal statistics to permit the user to quickly detect gross changes in the system. The monthly QA session involves measuring the integrated optical density (IOD) and area of the fields of circles on a standardized PRESS-PRO21 slide, which is described in detail below and illustrated in Appendix. We selected optical transmissions of 20% and 60% to cover the range of the photometric response of the cytometers. Three repeated measurements of 42 circles from each of the two transmissions are made. In the QA session, first, the daily procedure is performed to ensure the cytometer is correctly configured. If problems are discovered during the daily procedure, the system is adjusted before proceeding to the monthly measurements. Then, the set of fields of circles of 20% transmission are positioned under the optical path of the cytometer. The scene is manually focused. A thresholding algorithm is used to separate the fields from the background based on pixel intensity; 42 fields are manually selected for analysis. Autofocusing and edge relocation algorithms are applied to each field to precisely and automatically place the edge of the object along the contour of highest local graylevel gradient [13] . The digital gray-level images of these fields are stored in the gallery. This process is repeated three times. To eliminate sampling variation, the same 42 fields at the two transmissions are imaged all three times. After the three repeated acquisitions of the 20% targets are complete, the process is repeated for the 60% targets. The monthly QA session is summarized in Fig. 3 .
Semi-annually, a full linearity assessment of the system is performed by measuring the photo-response (see Fig. 4 for details of how this is performed and Fig. 6 for results). This is implemented by measuring the camera response at different exposure times. A highly accurate digital clock controls the exposure time in the digital cameras. If the camera is linear, the measured intensity should be proportional to the exposure time. The exposure feature of the Xillix MicroImager 1400 was used to measure its linearity.
A presentation was given to the staff to inform them of the general ideas and goals of the QA system. They were then trained to perform the QA system tasks. In total, 10 people were trained.
Slide description
Following the results of the PRESS Project [11, 12] , the ESACP created a standardized reference slide for quantitative evaluation and calibration of image cytometers. This reference slide (the PRESS-PRO21slide) contains three main patterned strips: (1) dark circles and squares on a bright background, (2) bright circles and squares on a dark background, and (3) large transmission windows. Within all three strips, there are 11 transmission steps (100%, 90%, 80%, 70%, 60%, 50%, 40%, 30%, 20%, 10%, and 5%). Refer to Appendix for a detailed description. In our quality assurance system, we use only the dark circles on a bright background as they mimic quantitatively absorption stained cell nuclei. To minimize the monthly workload, we decided to use only two transmissions (20% and 60%), which are relatively far apart and provide IOD's similar to those measured in nuclei of cells. The IOD of the 20% circles are similar to abnormal nuclei. The IOD of the 60% circles are close to the normal nuclei.
Based on previous experience with charged coupled device cameras and linearity measurements, we have determined that the cameras maintain linearity, but their gain and offset can vary with time. Therefore, by measuring two transmissions, it is also possible to differentiate between offset and gain failure. This minimizes the workload by not requiring measurements over the entire photo-response.
Because the four cytometers are located in two different cities (Vancouver and Houston), two different PRESS-PRO21 slides, one at each site, are used. A third slide was also used at BCCA after the origi- nal was damaged. There are important issues related to slide reproducibility that will be discussed in the Results section.
Image analysis
Image analysis is performed using a modified version of the CytoSavant automated quantitative system (Oncometrics Imaging Corp., Richmond, British Columbia, Canada). This system uses a 12-bit doublecorrelated sampling MicroImager 1400 digital camera (pixels 6.8 µm 2 ) placed in the primary image plane of the microscope. This software was designed for semiautomatic cellular analysis. The system was designed to measure thionin-Feulgen-stained nuclei with a monochromatic light at a wavelength of 600 nm (±5 nm) using a ×20 0.75-NA Plan Apo objective lens (Omega Optical; Brattleboro, VT) [4, 3, 10] .
Feature calculation
One hundred and three features are computed from the digitized images of each selected circle [3, 13, 14] . The IOD and area, which are two of these features, are used for the QA system.
Statistical analyses
The following description will focus on the analysis of the monthly data because it contains the most interesting information. At each transmission (20% and 60%) from each of the three acquisitions, features computed on a circle-by-circle basis are summarized by means and standard deviations to create the measurement-level features.
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From these measurement-level features, means and standard deviations across the three repeat acquisitions are calculated to give session-level features.
M_OD 42 ,
M_Area 42 , Fig. 3 . Monthly QA: organization of the measurements for the monthly QA process. This illustration shows the three-tiered arrangement of the collected data. Each acquisition collects 42 circles that span the entire imaging area of the cytometer (a), which provides a measure of the (spatial) field uniformity. The acquisitions are repeated three times to provide a measure of the short-term (temporal) repeatability (b). The entire process is repeated every month to monitor the long-term (temporal) repeatability of the systems (c). Acquisitions are also made at two transmissions to provide some monitoring of the device's photo-response. Fig. 4 . Semi-annual QA: procedure for measuring the photo-response of an image cytometry system with these steps, the linearity of the photo-response system is confirmed. The diagram shows how, with the same illumination power, the amount of light detected by the CCD can be controlled by the exposure time. There should be a linear relation between the detected light power and exposure time.
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The above calculations are performed on both the 20% and 60% transmission data and represent a set of monthly QA session data for one system.
In this paper, two approaches to the analysis of the monthly QA data are presented: control charts that have been used for in-process monitoring and postprocess analysis that has been conducted on the entire data set to provide further insight into system performance.
In-process monitoring relies on control charts to identify "events". Eight control charts are plotted for the monthly data for each system at each transmission: X-bar charts of the means: M_OD R3 , M_Area R3 , M_CVOD R3 , M_CVArea R3 ; and s-charts of the standard deviation: S_OD R3 , S_Area R3 , S_CVOD R3 , S_CVArea R3 . This produces 64 charts for the four systems. The control line (CL), lower control limit (LCL), and upper control limit (UCL) are defined by a running average. There are two reasons for using this approach rather than the standard control chart methodology [9, 12] . First, there was no prior reference data to calculate the boundaries. Since these were monthly measurements, it would take too long to collect a reliable reference data set of 10 to 25 months. Second, it became apparent after a few months that the withinsession variance (based on three repeated scans) was not related to the between-session variance (based on Fig. 5 . Samples of the DNAMean and AREAMean data of 288 STATISTICA control charts created from the results of the monthly procedure for the OD and the AREA at the 20% and the 60% transmission of all four systems. These figures contain the X-bar chart, R-chart, individual plot, normal probability plot, capability plot, and the capability histograms. monthly average measurements) in the assumed manner. That is, the standard formulas that relate these two variances did not apply. A prototype program based on the running average approach was written to plot and analyze these charts.
The post-process analysis of the monthly session data set presented here was implemented with the SPC component of the STATISTICA software package (StatSoft, Inc. Tulsa, OK). We plotted "mean" X-bar charts and "range" (R)-charts instead of the "standard deviation" s-charts used in the in-process analysis. The upper and lower control limits were based on statistics calculated from the overall sample. Additionally, S-PLUS (Insightful Corporation, Seattle, WA) was used to perform univariate and multivariate analyses. S-PLUS is used to perform a one-way Analysis of Variance (ANOVA) to determine whether there was significantly more between-session variability than would be expected from the within session variability.
We also considered the use of a multivariate control chart, which incorporates four quantities (M_OD R3 , S_OD R3 , M_Area R3 , S_Area R3 ) in a single plot. The rationale for this approach has been described [15] . A Mahalanobis distance is computed for each fourdimensional vector of observations from a session that measures the deviation from the mean across sessions "weighted" by the inverse of the covariance:
where M k is the Mahalanobis distance squared, x k is the four-dimensional vector (M_OD R3 , S_OD R3 , M_Area R3 , S_Area R3 ) for the kth session, xbar is the four-dimensional vector for the means of the x's across sessions, and V is the 4 × 4 covariance matrix. The (i, j) entry of the matrix V is given by the formula
where n is the number of sessions included, x ik is the value of the ith variable for the kth session, xbar i is the mean of the ith variable, and the summation index k runs from 1 to n. Here, x 1k is the kth value of M_OD R3 , x 2k is the kth value of S_OD R3 , etc. The usual multivariate control charts plot T 2 , which is a multiple of Mahalanobis distance.
Results

Establishment and application of the QA system
The QA system has been successfully implemented for all image cytometry systems at the BCCA and M.D. Anderson Cancer Center. Standard operating procedures have been specified, and the operators have been trained on their use. The QA system has been in use for over 22 months and continues to operate.
A checklist for the daily QA was created and results are recorded and assessed by the users continuously (Fig. 2) . The user records the calibration image coefficient of variation (CV) and the microscope lamp power and compares them to the previous days values. To minimize time and effort, the data are recorded on paper and assessed manually. Data from the daily procedure of one system are summarized in Table 2 . Little variation is seen in room temperature, calibration image coefficient of variation, lamp voltage, and lamp current in over 100 consecutive usage days. On three occasions, the results from daily procedure prompted the cytotechnician to seek assistance, which led to the discovery of "failures in progress" or events. These failures are explained in a later section.
For the monthly procedure (Fig. 3) , the in-process analysis using control charts was helpful in detecting when a cytometer might not be working optimally. Events were flagged by the charts, which prompted the technician to look for possible faults. In some cases, the events were false alarms; in other cases, a failure mode was identified. Four true failures were detected. Further discussion is provided in a later section. In the post-process analysis of the monthly data, which spans 16 to 19 months, STATISTICA was used to create 288 control charts of the IOD and AREA at the 20% and 60% transmissions of the four systems. Two samples of these charts are shown in Fig. 5 . The sizes of the monthly data set vary because the QA system was implemented in a staggered fashion. We reviewed the X-bar chart, R-chart, individual plot, normal probability plot, capability plot, and capability histograms of the 288 charts. The majority of the charts showed that the data are normally distributed, suggesting that the long-term behavior may be caused by a gaussian distribution. In most cases, the withinsession process variance is smaller than the betweensession process variance. This difference is illustrated in Tables 3 and 4. On a semiannual basis, the photo-response of the cytometer was measured (Fig. 6) . The data was plotted, and the linearity was confirmed. These plots were compared to original plots made prior to the start of the QA system. The measurements showed that the systems' linearity did not change over the measurement period. See Fig. 6 for the photo-response of one of the cytometers. All cytometers exhibited similar linear behavior. Tables 3 and 4 show the means, CV within-sessions, CV between-sessions, and ANOVA p values for all four devices at the 20% and 60% transmission for both IOD and AREA from the monthly data. The within-session variance is the average of the variances from the three runs. The square root of this gives the standard deviation within-sessions, and dividing by the overall mean gives a (CV) within-sessions. The between-session variance is sample variance of the within-session means, and a between-session CV is calculated in the same manner. Note that most coefficients of variation are all small -less than 2%.
Comparability and reliability of the four image cytometry systems
The null hypotheses of the ANOVAs presented in Table 3 are that all the means within sessions are equal for a given device. The p values show that in general there is statistically more variation between sessions than would be expected if the mean level were constant between sessions. Only two of the 16 p-values are greater than 0.05. Applying the multiple corrections procedure of Hochberg [12] shows that the 14 p-values below 0.05 remain significant even when we consider that there are 16 null hypotheses tested. We conclude that there is variation between sessions that is not the same as the variation within sessions, probably because of ambient conditions such as temperature, humidity, and other factors. As a consequence, we cannot use the within-session variance to establish control limits. Figure 7 shows the X-bar charts of the M_OD R3 for the 20% transmission areas for the four systems. These charts show the long-term stability and the equivalency of the systems. The centerlines of these charts are the long-term means of the respective systems. The values of the centerlines of the four charts are acceptably close. The London system has a definite trend, but it is within the error bars. The centerlines of two of the three BCCA systems, Xtapa and London, are very close, most likely because they have the same model of camera, optics, and microscope. On the other hand, Gaz uses a different microscope, which may explain why its centerline is different from the other two BCCA systems. The component models of the M.D. Anderson Cancer Center system are the same as the BCCA Gaz system. M.D. Anderson Cancer Center does not appear to be very different. This may due to the fact that it was tested with a different reference slide. The issue of slide reproducibility is dis- cussed below. These graphs indicate that the devices are stable, consistent, and reliable over a long period of time. Figure 8 shows the R-charts of the M_OD R3 for the 20% transmission areas of the four systems. The R-charts provide an indication of the short-term repeatability. A small range indicates that the three repeated measures differ little. These charts reveal some events that required investigation: one on Xtapa and one on M.D. Anderson Cancer Center. The resolution of these events is discussed below. Comparing the four centerlines shows that the mean range of the Gaz system is considerably larger than the other three. This may indicate a greater degree of mechanical wear in the focus mechanism of Gaz than the other three systems. Figure 9 shows X-bar charts of the M_CVOD R3 for the 20% transmission targets for the four systems. This is a measurement of field uniformity, a small value indicating that the field uniformity is good and measurements can be made reliably across a given slide. According to the 1997 ESACP consensus report on diagnostic DNA image cytometry, Part II Specific Recommendations for Quality Assurance [6] , maximum CV's of 3% for IOD and 2% for AREA are recommended. Therefore, the upper control limit of the charts in Fig. 9 has been set at 3%. For the M.D. Anderson Cancer Center system, there were three occasions where the CV was higher than 3%. Small deposits on the objective and or condenser lens were the causes. Tables 5 and 6 show the mean coefficient of variation, the maximum coefficient of variation, and the number of times the acquisition was above accepted limits (an event occurred) at the 20% and 60% transmission, respectively. The mean IOD CV's vary between 1 and 3.5%, which is good. The CV's for AREA were all less that 2% at both 20% and 60% transmission. Recall that this measurement involves imaging 42 different circles arranged in a grid pattern spanning the camera field. The reproducibility of the 42 circles will affect the value of M_CVOD R3 . Another method of measuring M_CVOD R3 is to image the same cell in 40 different locations across the camera field of view by manually moving the cell to these locations thereby eliminating target reproducibility error. This test has been conducted on the three systems at BCCA and produced IOD CV's less than 3% and Area CV's less that 1%. Therefore, the discrepancy between the reference slide method and the single-cell method may indicate a slide reproducibility issue. Fig. 9 . Mean of the three repeated CVs of the IOD of the 42 circles (M_CVOD R3 ) at 20% transmission. This illustration shows the X-bar charts of the M_CVOD R3 for the 20% transmission areas for the four systems. Because the M_CVOD R3 is a measure of the acquisition repeatability across the area imaged by the camera, a small value indicates that the field uniformity is good and measurements can be made reliably in space. An upper limit is set at 3% as recommended by the ESACP. Table 5 Mean CV, max CV, and number of CV values above the accepted limits for IOD and AREA at 20% optical transmission targets
Machine
Monthly QA measurement (20% transmission) Multivariate/Quality control considers all measurements simultaneously to provide greater power to detect anomalies that are not apparent in any single variable. The multivariate analog of the X-bar chart is the T 2 chart, which plots squared Mahalanobis distance from the overall mean. Control charts for X-bar and T 2 are traditionally based on within-session variance and covariance. Because there is a greater betweensession variability than would be indicated by the within-session variability, we cannot use the traditional approach for the T 2 chart, just as it was unusable for the X-bar charts. For X-bar charts, our control limits were established at ±3σ, where σ was estimated by the standard deviation across sessions, and the centerline Table 6 Mean CV, max CV, and number of CV values above the accepted limits for IOD and AREA at 60% optical transmission targets
Monthly QA measurement (60% transmission) of the charts was established at the long-term mean of the per session results, excluding those sessions where it was determined that an event had occurred. For the multivariate T 2 charts, we used the fact that the Mahalanobis distance computed from the population mean and covariance has a chi-squared distribution with degrees of freedom equal to the dimensionality of the vector of observations (4 degrees of freedom for our case). We chose a quantile of this chi-squared distribution to match the false alarm rate corresponding to ±3σ from the population mean. This false alarm rate is 0.0027. The T 2 charts for each machine are shown in Fig. 10 . Although we did not see any points in the multivariate control chart that were out of control (recall that we have removed points that were found to be out of control from the univariate analyses), there was one point very close to the UCL: the third observation for Xtapa. Examination of the values for this day showed that the mean M_OD R3 of 381.7 for that session was 2.91 standard deviations below the long-term mean M_OD R3 of 391.05, and the mean S_OD R3 of 9.24 was 3.6 standard deviations above the long-term mean of S_OD R3 , which was 6.13. Thus, although the point was not determined to be out of control, its large value of Mahalanobis distance suggests that there could be a problem, and by examining the particular values of the four measurements, we find that the optical density measurements are of concern.
Event detection, problem identification, and false alarms
One of the principle goals of the QA system is to detect major problems in the image cytometers before they impact data collection. Similarly, the impact of minor problems to data collection is minimized. Once an event is discovered, data acquisition is suspended until the event has been determined to be either a false alarm or a failure has been identified and rectified. The following are some examples of the events that were detected by the daily and monthly QA process.
There were three instances in which the daily process triggered events that were traced to real failures. In two cases, the lamp power (voltage and current) had changed considerably from the previous days. In the third case, the CV of the calibration image was considerably higher than the historical value, which indicated a worsening of the illumination uniformity. All three situations were traced to the degradation in the physical and electrical characteristics of the lamp filament. In these circumstances, it was desirable to replace the lamps before they failed completely, thereby avoiding a possible systematic error caused by a slow degradation in lamp performance.
Comparing the daily lamp voltage and current values also have indicated a situation where dust was occluding the optics of the cytometer. The dust adhering to the optics blocked the transmission of the light; therefore, more lamp power was required to establish the initial imaging light level. This has provided a sign of when to clean the systems.
The monthly QA process has helped to detect more subtle events. A few particles of dust or very small drops of oil may not affect the parameters measured during the daily procedure, but they can have an effect on the images captured by the cytometer. On four occasions, small deposits of oil on the objective lens and the condenser lens were detected by events in the Xbar charts of the IOD and AREA. Generally, the 60% transmission measurements provided greater sensitivity to failures. The 20%T circles are very dark; their edges are highly contrasted to the bright background, which makes them easy to segment. Small deposits on the lenses may not drastically affect the optical density or the segmentation of the edge. On the other hand, the 60%T circles are light; their edges are not highly contrasted to the background. Any deposits will affect their IOD and edge segmentation thereby producing more drastic change in IOD and AREA values.
A limitation of using an external reference was evident when we had false alarms caused by improper and inadequate cleaning of the reference slide before measurements. If deposits such as watermarks were left over the targets, an event occurred in the control charts. Greater care in cleaning and handling the slide was implemented.
System re-qualification
At M.D. Anderson Cancer Center we were able to use the data collected from the daily and monthly procedures to re-qualify the system after it was transferred between facilities.
Reference slide reproducibility
At BCCA, a second reference slide was employed, at which time we were able to measure the reproducibility between two slides. Using the same monthly procedure conducted on all three cytometers, the data from the second slide had a difference of approximate 3% in the area at 20%T and 6% in the IOD at 60%T from the first slide. The last three points shown in both X-bar charts of Fig. 5 are the measurements from the second slide. This difference between the two slides is clearly illustrated in DNA & AREA measurements in Fig. 5 . The difference is consistent across all three systems indicating that it is an issue of slide reproducibility. Even though slide reproducibility affects the utility of the QA system, there are methods that can be employed to mitigate this shortcoming. Cross measurements of all reference slides by all cytometers would provide the data required to do a proper crosscytometer comparison. Another example is described in the discussion of the M_CVOD R3 results. A timeconsuming and task-intensive method could be used to establish a baseline measurement before a less onerous procedure is employed using the reference slide as a surrogate tool. The issue of reference slide reproducibility is a critically important one that deserves further investigation with an appropriate hypothesisdriven study of sufficient size to answer remaining questions.
Discussion
Quantitative cyto-histopathology is a valuable tool for use in the medical field because it can replace qualitative assessment with quantitative measurement. In the developed world, this technological improvement also represents a cost savings; for the developing world, it may alleviate the problems stemming from a shortage of trained personnel and a lack of resources. Like all emerging technologies, quantitative cyto-histopathology should be subjected to rigorous technology assessment. Our successful implementation of the QA process described here shows that multiple systems can function comparably and reliably at multiple sites, which is a prerequisite for establishing the technical feasibility of quantitative cyto-histopathology. The methodology proposed here is practical, and it requires only a little extra time and resources to provide significant assurance that the systems are functioning at a high level.
Only 5 minutes per day of a cyto-histotechnician's time is required to perform the daily QA session, 30 minutes of a cyto-histotechnician's time for the data collection in the monthly QA session with an additional 10 minutes to run the analysis software, and 30 minutes of an optical engineer's time for the biannual QA session. Our QA process has resulted in several events that have led to the detection of problems but these problems have been corrected. This is a very small price to pay for the assurance that the systems are performing reliably and consistently for the success of a project involving multisite clinical trials.
There are two principle limitations with our proposed method. First, there are sources of variation that could indicate system malfunction that we are not measuring. The CytoSavant measures approximately 120 nuclear features of which only a few are directly captured by our QA measurements on the standardized slide. Furthermore, there is clearly a variation between monthly QA sessions that exceed what would be predicted from the variation within monthly QA sessions, which leaves open questions about the sources of that variation and its possible effect on the clinical functioning of the CytoSavant. The issue of variation between operators has been discussed in a previous manuscript [4] .
The second limitation is that with our primary QA sessions being performed on a monthly basis, there is the possibility that a system can be malfunctioning for an entire month before being discovered, requiring the remeasurement of numerous specimens and possible delays or reversals in patient diagnoses. The monthly frequency was chosen for practical considerations, especially of its application to a research project, but the frequency of major QA sessions should be reviewed if any routine clinical application is made of quantitative cyto-histopathology.
Some future work that can further improve the QA process, by providing greater efficiency and more detection power is under consideration. Incorporating automatic collection and analysis of daily quality control data in the acquisition software is being considered, so that the system can issue an automatic warning if it is not working correctly. Plans are underway to develop more sophisticated hardware to automatically perform the monthly check. Automation of the monthly procedure would permit it to be performed on a daily basis. We are considering using the EUROQUANT system developed by the EASCP, which provides "on line" access to QA on a daily basis [16] .
Presently, the test slide provides reliable measurements of IOD and AREA. We and others are exploring the use of a more sophisticated slide that includes patterns mimicking nuclear texture. The assessment of the measurement of texture features would provide another level of quality assurance.
